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ABSTRACT 


Neutrons from the eight lowest states of Argon-37 


376 


have been observed with the I(pen) Aw reaction 


Ustigucheoutime-Ot-=t lights technique... Using»ald7) keV 

thick NaCl target, enriched in cis neutron angular 
distributions were obtained LOGE Gg LOUNGE. 4 Leand 

1.61 MeV levels of Ue at mean proton energies of 
ae U0 wand, 5.05 MeV. The angular distributions show 

a rapid variation of shape with energy. Further neutron 
euguvearGediustributions, using a target of ethyl, chioride, 
150 keV thick, were obtained at 5.22 MeV for the ground, 
1.41, 1.61, 2.22 and 2.489 MeV levels of °/ar. The 
distributions using the thicker target were also somewhat 
asymmetric about 90° suggesting a possible direct inter- 
eet Onecomponent.. —An attempt was made to Compare, these 
cross sections with those predicted by the statistical 
Chem eel nen SpLiSeandspabitres OL all lowers levels goxcept 
the 2.22 MeV 37 ay state are known. Since the comparison 
OimeLrosse sections normalized to, thes ground ss Catemicuvony, 
poor for those levels whose spins are known it was not 
possible to assign a spin to the 2.22 MeV level by this 


method. The absolute cross section of the ground state is 


Olilyec0tmoLethe: statisti calgorediction. 
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INTRODUCTION 


The purpose of the experiment was to investigate 
ENemnuclLeMsSuOEreArgoOn=3 /=through «the Veiies cay) ee reac— 
tion. Extensive studies of its levels up to 2.8 MeV have 
Decne NadesDUEELNewSspinwanduparity Of the 2.22)Mev level 
has not been uniquely determined. This was attempted in 
the present work by comparing the experimental cross 


section of the 37 


Ci oy i jmreactiony to the 2.22) Mey level 
in Argon-37, with the prediction of Hauser-Feshbach theory. 

PNESmWOtK se divided into four chapters. Thewrirst 
chapter summarizes the Hauser-Feshbach or statistical 
theory for describing compound nuclear reactions. There 
the differential cross section is interpreted as decay 
into competing channels following the formation of the 
compound nucleus. The branching ratios of this decay are 
determined by the transmission functions for penetration 
Of the optical model potential barriers for each channel. 
Chapter two summarizes previous work on the lower levels 
of Argon-38. It then goes on to describe the compound 
nucleus Argon-38, first to consider whether its level 
Gensitveat. thesexci tation energys Os stlllssepemimenusis 
HighwenOugheloOmwallantwaestoaticticalsincenpreradtl Olmueoscic 
cross sections and then to review work on the excitation 
SUNG LLONeLOMe tom LOnlatwon. 

Chapter three describes the accelerator and time- 


of-flight system used to obtain neutron spectra from both 


peee ae 
ey t oe 
oupuowm: 


beeet sii zweiltedv <cybienc 


Son 

urph four a3 
Lee 
aus 1\fAG 
tom eri 
oe 

j 
itt Siso 
pa] 

’ j ft 

4 
suet hel ny i } 
' 94206 
me iio utd Jo 


the solid and gaseous targets. The last chapter presents 
the experimental neutron angular distributions along with 
an extensive critique of random and systematic error. 

The results of the theoretical calculation are compared 
with experimental cross sectionsand a conclusion given. 
Some details of the theory and gas cell construction are 


found in theyappendices. 
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CHAPTER ONE 


THEORY OF COMPOUND NUCLEAR CROSS SECTIONS 


Pe cross Sections from the Collision Matrix 


Nuclear interactions are usually classified as 
either direct interactions or compound nuclear inter- 
aciztons. The OU Si lGsy sey ee reaction; does not, contain 
a strong direct component at the energy used in this 
study. The following discussion deals mainly with those 
reactions proceeding through a compound nucleus though 
much Of Lt; applives to, direct or prompt reactions as well. 
Thempoint. on departure will be exclusive use of the Bohr 
assumption, or alternatively, the exclusive use of compound 
nucleus levels of energy very near to that of the system 
energy. 

The background to compound nucleus reaction cross 
sections contains many ep UpLCeCnecn ae all of which involve 
eppLOwiMaclOnsmcOpuiesc tL FeCtLS OL da large armen of compound 
nucleus resonances and channels. We can regard these 
channels as different forms of the wave function ~ depend- 
MICgMOnaWiLChm Dalim Orspabticles=are Tegarded as sindependente 
Timomicuthes original plane) wave aimed by the experiment 
at the target, then ~ = S¢, where S is the evolution 
(2) 


Operatonm cou this tralisition Since this is a steady 


state interaction, energy will be conserved so that S will 
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have only the elements U 6 (Eo 9 = EY where Ewe E 


nm nN m 


aGeeeiewekinetic energies or the channels n and m. S$ and 
UBavesleterred, tovas the scattering and coliision matrices 
respectively. 

Usiassmany Miserul propeneies.  |Fimst, tor a rota— 
tionally invariant interaction the Ue are symmetric, 
(2) 


ier. 2S 40) 


a _ secondly, 1t gives the transition 


PEO Oa Oia ty:, eres between plane waves in different channels 


through ‘-) ; 


Pea ie 
(1) © a Daa en Ea) am 


iG 
where fi is Planck's constant over 27. To get the differen- 
EEG COSSESCCCLONEL OL Chis transite ONnewe,mMuSs tat 1-oSteince— 


grate P p(E) over the continuum of final states n, where 


m 
p(E.) is the density of final states in a unit volume per 
solid angle. Then this total transition rate is divided by 
Eiom nC Oen tet Lax. 

ime Shen = §(n-m) defines no collision at all, the 
eross section must be proportional to Ue = § (n-m) |? 
since we can only measure the elastically scattered wave, 
not the total wave in the entrance channel. The result 
is usually written in a form which transforms the collision 


MAbiiseclenentscetoOnmexpllcitevalues, OL) Ge is.c wOiscach 


incident -- orbital angular momentum -- partial wave. 
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The angular dependence is then contained in the spherical 


harmonics.9 The differential cross section’ for spinless 


Dh, 


particles is then 


2 
(2) Fon = gl (eet)? i Yo. (81) (UL, - 6 (n-m) ) | 


ae x 


k is the channel wave number and Yo 9 (879) a spherical 
harmonic over the spherical coordinates 6 and ¢. | Here 
(n,m) are more specific than (b,a) since the former refers 
LOmspeciticevalues, Of Wwe (and later to channel spins sand 
total angular momentum J also) for each pair of emergent 
and incident particles, b and a respectively, with b leav- 
ing the residual meen in a given excited state. If we 
introduce Channel spin s, the total angular momentum, J, 


(1) , 
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where once again, the Usm are based on momenta, and the 
two quantities in bra-ket notation are Clebsch-Gordan 
coefficients. The z-components of the various angular 


momenta are labelled m and the incident particle and target 
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intrinsic spins are I and i respectively. The formula 
is for unpolarized beam and target as can be seen from 
the sum over channel spins being outside the norm. Mm 
refers to the set (a,2,S,m_) and n to (b,2',s',m.'). 

The interference between different partial waves 
disappears when we integrate the cross section over all 
angles. The result: 
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Since Mica = bakit the reciprocity theorem follows by equat- 


PiGmtitomequatlOn term by term. 
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We have shown explicit dependence on J for further applica- 
ULOnebelowses Leeds COnvenien there stomder ne the atotal 


reaction cross section to be }' on Wi the tiiome lactic 
b 
channel excluded. We then use the unitarity property of 


Enemcollisilon matrix | to A een fs 
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1.2 Average Cross Sections Over an Energy Interval 


Experimentally, cross sections show rapid fluctua- 


cronsewith energy 08 


These have been explained as 
interference between many narrow but overlapping resonances 
in the compound nucleus continuum. Consequently we next 
consider cross sections averaged over an energy interval 
much larger than these resonances. The resulting equation 
for the differential cross section is further simplified 
if we assume that the cross-terms in the expansion of 
SQuatVOn o> cans Demi gGnOLecd., a llis! 1s thesrandom phase 
approximation i.e. the matrix elements have a rapid but 
independent energy variation with a mean of zero. The 
result is usually converted to a form which explicitly 
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shows the angular dependence Thus Lora Feb: 
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P. (cos 6) , 


where P, (cos 6) are Legendre polynomials, and the horizontal 


bar signifies the mean value. Sums over these coefficients, 


Galled %=coetiicients, are found in standard rag oe), 
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piemaveraje tntegralecrOoss, cGection is exact, however. 
From equation 4 we have simply: 
(eA) 
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It can be shown that for scattering (a = b), the energy 
averaging removes the interference of the potential 
scattering from the compound elastic scattering integral 


ea If the latter is added to the average 


cross section 
of equation 6 we arrive at the following expression for 
compound nucleus formation: 


T y (2J+1) 


SW SE EL or pi Saf 
Ten (2) a2 31) 


OQ) Fagin 
a 
Uiewtitcsts factor im each term can be thought of as the 
USuZeuwOrmeach partial wave plus the probability of 
appropriate orientation of the momenta to give J, while 
the second factor is the probability of penetrating the 
potential barriers and forming the compound nucleus. 
This second factor is called the transmission function 


for that channel. 
(0) eee ome en 


WheLeeIIe—ma7dy6;.0)4 es lnducatoscmtne. cianne |. 


Ge 


‘ 

Pf 
} e 

i 
} 
¢ F) iio j x ‘ ‘ + F . ry 
| ‘ ie,’ 
i Mar i ( j 7.9 2998 
| . im 0 es 
of r ved Lal os 
an ica, HS bai iis a » wit bo? Is 


, = i a a ry 1} wo (ev? 
159 A035. 2an@ wa 


J oebohnr Assumption 


The Bohr assumption expresses the independence of 


formation and decay of the compound nucleus. 


G 
—- J T (2rd) bJ 
COD) SO lly a ) aga, 
ba k D 2s) eG ats) a) Gog 
a C 
the second term being the branching ratio. If we now 


substitute these expressions for o. : and ce - into 


ba b 


the reciprocity theorem, equation 5, we get 
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Since the G's are not yet normalized we are free to set: 
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follows trom substituting, equation 13 into equation 11. 


Comparing this equation with equation 8 gives the identity: 
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Elep piers 


subStitULing this expression into equation 7 relates the 


differential cross section to the transmission coefficients. 
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If the residual nucleus is left excited in a con- 
tinuum of states then the do, /dn will be the cross section 
for leaving the residual nucleus in the energy range E, 


E+dE if we multiply equation 16 by oF (EGER where 0” (E) 


is the level density. Also, the denominator, } T, 
CSue 
must be taken to be a Sum over the discreet States andean 


Miee GiaclLmO La. L 6” (B!) dE! over the continuum states. The 


ee (G0) follows from the total level density o(E) plus the 


spin distribution assumed. 


i 4en Transmission Functions 


Wemnow require the determination of the Tar or rather, 


the aan from which they are defined. (We could also 
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talk of an averaged complex phase shift defined by 

Ua = exp 216). These diagonal matrix elements are 
completely determined by the wave function in the elastic 
scattering channel. The Ty, are usually expressed in terms 
of the logarithmic derivative of the wave function at R' 
beyond which the nuclear part of the force disappears. 
mieswaves function or 1ts logarithmic derivative are, in 
Ur, SUbIJect tO sthescoulombp, centrifugal and nuclear 
potentials through the Schrodinger equation. 


ThemrOrme ob this pocential Vs: 


(17) MAREN Veoulomb a Voentrifugal : Vnuclear 


where r is the separation distance of the particle of 
reduced mass u, from a nucleus of charge Ze and atomic 


number A. V will be Ze/r outside the nucleus and 


coulomb 


amuunctvonvot the charge density distribution within. 
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Weenerirtee) ishequali to 2 (walinwey 2. 
Thesoptical model has the general, form for eae 
Oni: 
(18) Mae cis = (-V -CUE-iWo) &) (x) +4 (Wy) tc) E) &y (4) + Vepin 


orbit 


The pics: term 1s the volume part or thes povential and atie 
second term the surface part. ve is the real refractive 
Welledepti; — H, the snciGenw energy and both +iW, and +iW) 


the imaginary or absorptive well depths. Cy and c, are 
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first derivatives of these quantities with energy. &_(r) 
and 6, (4) are form factors. EQ fh) is usually of the 


Woods-Saxon form: 


nears: and ay are called the real well radius and diffuse- 
ness respectively. By &) can be the derivative of a Woods- 


paxon Lorn, =cr.~a»Gaussian form: 


a 2 is 3, 
&, {) ae exp ( (x RjA ) /a,) t 
Ls 
where R,A and a, are the imaginary well radius and 
diffuseness. In this work, we take the former shape and 


Wy is set equal to 4a;W. by convention. es 


the spin-orbit potential: 


Vepin-orbit 


HEY Vepin-orbit ~ mc so 
where m_ is the pion mass and L and ¢ are the orbital and 
Spin angular momenta operators. '‘'c' is the speed of light. 
Such a well exhibits single particle resonances -- 
tiewsetzewor*giant “resonances which*ane,often mirrored in 
the transmission functions. The expressions for tithe are 
involved, so an approximate result for only one size 
resonance at E = E, and no spin-orbit potential is shown 
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where ae and Ce gre requiateana, 1 rreqular solurrons to 

the radial Schrodinger equation outside the nuclear force 
805-57 

and K = Fy V2UVG : 


‘ee is the single particle reduced width, here 


equal to Ao and W' is the average of the absorptive 
potential over the region where the real part of the . 
potential is attractive. hy Veether shut tbetunctionsand 
equals 


rF dF ,/ ar + rG_ dG /dr 


Size resonances occur at energies 


“Cac 


2uR'? 


E os 
m 


2 
(A + 5) 


(A an integer) above the bottom of the well and their 
F : 2 
natural width in a real well is ~ 2D hen : 
Mie stransmissioOn LuNnCct1LOnS are close, tO 1etor aarge 


penetrabulities but whens? <= 1, they reflect these size 


resonances. This can be seen in a further approximation to . 


equation fone 


ei 


3 atodiy 
[anring st 


| | BSA 
Unk 


14 


(20) 7, = 4P, fy °WO'/((B,-E)* + Wo'7)} for enscll 
THewratilo in parentheses is called the strength function. 
Both equations apply when the effect of distant resonances 
tsesmaki.s | see Vogt? for more general formulae. If all 
permissible exit channels and their properties are known 
and their transmission functions determined, equation 16 
Ganwbesused to calculate ditpterential cross sections to 
euyeolemcnanne la slit can besshown that the sum of (transmis— 
sion functions over all exit channels can be expressed in 


terms of compound nucleus level widths and densities (see 


Appendix 1). 
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CHAPTER TWO 


PREV TOUS STUDIES 


Ce ieee ves. or Argon=3 / 


(12) 


The levels of Argon-37 are seen abel 2eumeptbatey the 


This nucleus can be regarded as a closely packed spheroid 


GEL oeneutrons and 18 procons == hesoqround State conti— 


(GSS) 


guration has been deduced from the ordering of levels 


in the shell model to be one neutron hole in the ld 3/2 
Sieliawithta spine and parity of 3/24. This ground state 


is unstable and decays to cer: by electron capture with 


Poe 06 0c ececondsc ae. onvtne other hand: 


the 3/25) ground state of the mirror nucleus ote is also 


YU by positron emission. The"log 


(15) 


unstable, decaying to 


ReEsOtmriisomlaAtter transition also leads toa ayer’ 


Value eLOr sche ground state of 37a, Dhiwsespin wand sparnaty 


GES) 


has been further verified by studies @ne weave) Tl eeyiene 


arc spectrum. This value gave a 43% spectroscopic factor 


to the observed d-wave neutron stripping in the 30a (d;p)> AL 


Py This spectroscopic factor has been verified 


Sie (16) 


reactLon 


Dyaneucron pickup in tiie 38ar(d,t) Ar reaction Naude 


et al have examined the normalized variance of cross section 


Pluccvations) In sthe er icroe ae reaction. They also 


7) 


deduced ' a probable Spin from this of 3/2. 


SS fae 7 ey) 


Several theoretical studies of the excited 


states of 37ar have been performed in the past but they are 
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FIGURE 1: 


ENERGY LEVELS OF °/Ar. 
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all somewhat unsatisfactory. .The lowest level seems to 
Desduchlo excitations of the.unfilded.s—d shell%., Lande et 
sl ey os attempted to describe the higher levels in 
terms of coupling between quadrupole oscillations of an 
evens cole yand.a neutron inenearly empty.single. particle 
Levels: 

The first excited state is at 1.41 MeV and has 


been seen with Clip ie ree on, 39% Me Adie ee | 


35 Te EM 3 


(d,a) 


7 (27728,29,30), and 


CS pone Cede) oa 


36 (32) 


Ar(n,y)>/Ar 
(27) 


reactions. This state has been popula- 


ted 36 


Dy eSswave neutron, Stripping by Arid, pJ.z» Conse= 
Guentlysii2is va ep State. gelhe spectroscopic Zactorsis 
133, indicating that the 2s% subshell was not completely 
Cul bee This espingandyparityawas also.deducedytxromethe 
observed isotropy of the ny7Y angular correlation, fol low— 


i caibeyegee Resvetedean eee 
(7?) 


, and the spin from Naude's 
(34) 


shite? Gelate 


fluctuation analysis above Naude has also 


3 ee) toypenus 


compared experimental cross sections for 
level and others with theoretical Hauser-Feshbach cross 
sections Cent taen tothe ground, state. -Lt»was .also 
CONnsiStent wWithsa Spinsgotely2.earhe parity could not be 
uniquely determined by this method, however. 

Since the Argon-37 nucleus has one hole in an 
otherwise full s-d neutron shell, one would expect some 


Ofuthe highnersexcited states to show a strong single 


Pecieoleuconponent.) Thissseemsto besthe case with) the 
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second excited state seen at 1.61 MeV, with the same 


36 


peacterons listed sfogethesprevious levelwe The Axatiayp) 
reaction ‘1? PUtS neutronswintomthesseun. at 7//2estatersat 
amsPpeCtLOoscopicniactontones2:. The £°5/2evalucuwas 


eliminated because spin-orbit interaction places levels 


Delongingmtoathis esubshelut atmons mev (38) 


(35) 


above the f 7/2 


Sores CUCY, ObSUNeCeauLansSUGLOnmbate [of Ryedecay tor 


the 1.61 MeV level to the 3/27 ground state verified the 


Low choice. It must be mentioned, however, that both 


(17) 


_Naude's fluctuation analysis and his Hauser-Feshbach 


3 


eiee ies for the oR (ayo) Leactlonetavom 5/72) Spiny ebutl do 


not exclude 7/2 as a possibility. There seems to be some 
dtipiculevyarneapp lying certaingaspectssoltethe statistical 
cheonyesucheasmthe Y2itlerule!patostheghighentspinestates;, 


especially if there are marked fluctuations and/or strong 


single®panticle icomponents in thé cross peat ton a oe 


The 2:22 MeV level was observed in the a 


(235 24725,) 3D (26) 36 
Lf a 


Gl Gy oe). 


y (32) 


stamens) C1 (7He,p) and Ar (n,yY 


reactions. It was not located in the stripping spectra 


rope 3©ar(d,p) by either Rosner and Seba dee OL 


oS as a result no £-value was assigned. 


(29) 


Wiza et al 
However, y rays seen by Howard et al from this same 
reactionidid*testify tolthespresencesofothasmlevel. 
Furthermore, ae particle-y ray angular correlations 
Due Ltcmspinein chemuange (5727/7/2),-_ BotheNaudexs@tiluc— 


ay) (34) 


tuation analysis and his Hauser fits also limited 


the spin to the same values. 
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ihe 22.489 MeV devel has) been Jocated' in the’ same 


react Onsmivsteds Undeiathemrarst excited = state, with the 


exception that it had not yet been seen in aH 


36, 


(CAL Ge) ey) 


until the present experiment. The 
1) 


(Cy Dp) mawork? OF 
Rosner and Schneid Ine particular.) foundiat assone 

of a group of four excited states showing strong p-wave 
components. moe... 460% moeo7es 4246, ands 5.15 MeVe levels 
Daviems DPeGunOs COD) Cl maClLOLSn Ones 0650, 0-6; 8 andy 59 carespec— 
tively. If the first two are assumed to be two forms of 
core, couplings with=the 2p,3/2,S-P.)\ level, and the, last 
CWwOmmwa com tiem Del /2 o.b.elevel se thenawe Caneacsci gnwan 
average S.P. energy, weighted by the spectroscopic factors, 
BOucachmoulbshetlwethe ditferences2p 1/20 252043727 then 
becomes 2.09 MeV. This compares well with both the theore- 


Pike das OU OiOwerCnerg Va CditLetcnecegol. 2.04 Mey 22) 


41 404, (37) | 


and 


similar energy differences in Ar and eAuspin 


of 3/2 for the 2.489 MeV level also results from the work 


of Naude Ae 


(2) 


The 2.80 MeV level was first seen 


375 


neat eee) 4 


te LoOllowingethe postinonsdecaysor 
37 


spectrum of 
aati cuallvecxcl ted Ther study ofsthesangulargdis— 
tcibutionsol, these y trays tos thes groundastatesgivesa) spin 


end paklty eo. 5 / oan This level has also been seen in 


3 a Ag A) sie) 
a ea en jes, se) OOO, Develo) | Foo 729 2 
36 (32) q 
and Ar (n,y) WOCKMELAC oY 2a Sspily Was, CON. rmed by 
Naude's yore. also. 
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MOsctose Vevelis@atvexcitation energies of 3.17 


and 3.27 MeV were observed with el ogy Ren 


3 “Once Gy ogy eed reactions. Also, 


36 


“Ten HS Fay ee and 


Bie@pawciclesvyeangulan correlationsel com te Cabsewa Woanee 


Mitte cdmtiesSO lim O (3 72,0572) etOorm.bothalevels, . the 


34 (40) 


@bsSeuvalionssotsa 05/0 MevVielevel) by Si(apn) and 


a 2.41 MeV level by eats geh eo have not been dupli- 
cated in any later work, either with identical reactions 


or any other reactions. They are consequently not listed 


(12) 


in recent tables of Argon-37 levels. The density of 


known levels further increases at higher energies, but 


their discussion is beyond the scope of this work. 


The 37k DUC TCUuSmLS BEhemIVLGGOr snucLeus) of 37 


On the basis of energy, spin, parity and sometimes simila- 


rity CumyEGOeCCayS see NeestcLCSm Oi 09.) a lO ye2is 2G pac, 1 eee O. 


2h) DAME VelOb 37K seem to be Mi Grorss,oL the rstates 0, .b.4), 


ec Oe een camiey of ear respectively woe 


If we assume these mirror nuclei differ only in Coulomb 
energy, an average Coulomb energy difference of 6.09 MeV 


follows from these energy levels. Since the proton dis- 


PatoucLOne! senOtlesOms Die rs Calain Bthne sO0ds pLoton oie as 


375 


in the odd neutron r, this difference is smaller than 


the theoretical value of 8.4 MeV if both nuclei were 
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B 


ree citer ore Reaction 


3 : 
The 701 (p yn) reaction was chosen because work 


remains to be done with it on those levels below the 
2.489 MeV level and no previous work has been done at 
or above this level. The proton beam energy was around 
DeMeVeas compared with a Coulomb barrier of 5.9 MeV for 
protons on Chlorine-37. It was expected that we could 
compare the cross sections to statistical model predic- 
ElOnsawitie lier esor no direct interaction contribution. 


(33) 


Previous work Wi theciM sureactlon Up cOnos JeMeV eproton 


energy, did not show any direct interaction effects. 
The resonances Ans in SoS Ca meat at 
around 10 MeV excitation energy put an upper limit on the 


average Argon-38 compound nucleus level separation, D, 


equal to 60 keV. at that energy. This was too large, owing 


tOnuiemract. that 0, and as Canprormponly devels of ipariry. 
Cai jcae The Sey ale Nae reaction showed 196 reson- 
ances in the proton energy range, 0.427 - 1.846 MeV, which 


Gevesadhwupper estimate, to D of 4.85kev atckl- 12 MeV." athe 


37 Ca ees 


Elion) AL reaction just above threshold 
resonances With an Upper Limit to D of 8.1 Key “Gor E,= 12 
to 13 MeV. The density of compound nucleus states should 
increase exponentially with the square root of the exci- 

CacLon eneeey if the nucleus behaves as a Fermi jase! 


The level width, IT, in Argon-38 also increases 


rapidly with energy as more and more channels become 


onT ; 
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available to decay. The a, p, and n channels open up at 
7.2, 10.2, and 11.8 MeV excitation, respectively. The 
width broadens still more as the transmission functions 
for the channels through the potential barriers approach 
unity. Consequently, one would expect the level widths 

to approach D a few MeV above threshold. When these levels 
begin to overlap, it is no longer possible to directly 
observe them in the excitation function regardless of re- 
solution, instead, we have fluctuations caused by the 
interference of the overlapping levels. There is then 

no correlation between the energy variation of total cross 
sections at neighboring energies nor of the cross sections 
to each channel at the same energy. In fact, the symmetry 
of decay products about 90° to the beam, exhibited by all 
single compound nuclear resonances undergoing decay, is 
destroyed by interference between overlapping levels of 
different parities. 


(46) 


Von Witsch et al observed these effects in the 


Argon-38 nucleus when it was excited to around 21 MeV with 
the 3761 (p,a) 74s reaction. They measured the coherence 
energy of the fluctuations to be 13 keV at E, = 20.2 Mev 
and 18 KeV at E, = 21.0 MeV. This is a measure of the 
average total width,l, of the interfering levels assuming 
no spin or parity dependence. 


The symmetry in the angular distributions is 


restored if the cross sections are averaged over an 
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energy interval much larger than the coherence energy 

Ormt veces lUCtUaArlLOnNSemmluLS 1 Ssmbecause the interference 
terms will then average out to zero (see the Random Phase 
POOL Semel iesect lon .2)).mebyeCONpaling »Chissdrsetribution 
with Hauser-Feshbach theory, using independent calculations 
FOmELNemtCansm1 cS lLOnsCOchiTelents fOr the incident. and 
emergent Channels, One Canvarrive at the sum of the trans— 
mission coefficients over all the mostly unknown channels 
(Seepequallons!o)re Nemequattons32,. 15 sthensused, plus 


Piece ssUNDELONmOl, soln distr ibutlon of: 


J 


iy 1 Sw -eaey) eaten ae 


* 
torget the ratio |/D° for Argon—38- DY is the Spacringmou 
levels of spin J and Oa is the spin cut-off parameter. 


The ‘effect of of is mainly felt in the shape of the angular 


Gusto! bUELON. VON. Witsch et Ale deduced for 38nr at 
E, = 21 Mev, that Cig = TOs 5 andethate:/D «= 927 es Conse— 


Gueniclye) De-8o00) tor the above distribution at the 
Specieledavalue for ae Combining this value with their 
.T above, resulted in a D = 30 ev at E, = 2] MeV. 

The level density as a function of energy is fairly 
well known in Argon-38 up to 6.9 MeV-Erom countings the 
individual ravers (48) | This function was extrapolated to 


pass through the point corresponding to Von Witsch"s value 


OL D = "o0"ev at 2l.MeVs to get’ the level’ density at? an 


[T is assumed to be independent of J. 
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excitation energy of 15.2 MeV corresponding to oe 5 Mev. 


(45) 


It can be shown from thermodynamics that ‘for a Fermi 


Gas, cncewaciscity or stares: 
(22) p (EY) = exp 2 vak. ; 


Wicmesdm@UsmoanmCONStANtC mm iUsmmeanse thatva plot of wn p(EL) 
v/s VE Wie bemamcotralgnte line of sloperlyacieusing this? 
aneectimater On meso lo 2 MeV) swasmartived at, Viz. 35, 400 
levels/MevV OmDe= OR oSekeVi, and with an averaging interval. 
O&M GORKeEV7 LOm 1nstance, the cross sections#will be 
averaged over 500 resonances. “fhus the statistical theory 
was expected to be valid at this energy. 

The slope of such a plot gave a = 3.4 Way chairs 


(49) forma — 02.0957 -x 


(the atomic mass), which gave in this case, a = 3.6 Mev +, 


Ex, obtained a = aes a Mev 7, They, 


compared well with Cameron's formula 


VOMEniteschwectwa | 


however, used a more complex level density function due 


(C20) 


touLang and Le Couteur so the two results are not 


comparable. 


Deo xCLeatLOneruncuLon 


(31) 


Barnard et al observed '‘'resonances' in the 


3701 (p,n)?/ar reaction, from threshold, to a) = 4 MeV. Two 
such features at aS =2 wh eand 2.3 Mey and: a.<tew hundred 


keV wide appeared under higher resolution (AE = 1.7 kev 


(a) 


a i 
- 
< 
as 
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Pec iucmcase)a to beatthie envelopes of hundreds of individual 


compound nuclear states ‘74) . 


They postulated that these 
arom CucmeOmeNescxVstence Olea Giant» resonance, a few kev 
above threshold with an anomalous small width which had 


Deere scp lUtbyespin-orbit coupling.=§ “Theyre suggest the small 


width arose from the very small imaginary potential for 
neablyeaouplyemagic nuclei, (See also Lane, et a1 $52)), 
Coal) 


Barnard et al Observed simi larereatures in the 


exCitationsf£unction, of neutrons to the ground state of 


ee eee ee oO Otome 4 oe 2 O enc . / 5s Me Vieancdusat 


p 


ay = 3S jande4eMey 1n tne sexcitatvonetLunctLon Cf neutrons 


EOmUnen i Urst excited state or STK Thus the observed 


PenucCtUcem Ine the exci tabion LUNCELON appears, to be channel 


(33) measured the excitation func- 


37 


dependent. Iyengar et al 


Elonwor, y-<rays trom the first. excited state Are to ses 


ground state following the 31 C1 (pin) reaction. Their 

target was 150 keV thick to 5 MeV protons. They too 

observed a resonance at oe = 3.6 MeV and a possible rise 
Mmiethie yield at 4.0) Mev. Sin addition, Sharps peaks were 

Been by sciemeate 457 .5..0;,mande5.4 MeV | FuntiennOre;mesei. 
neutron angular distributions at Ey=5-1, D3 Ande. Se MeVieLrom 
targets 100 keV thick to a 5 MeV proton beam do not show 
symmetry about 90°. The random phase approximation seems 

to be not fulfilled in this energy range in view of those 


(53) As we shall see, further reservations on 


resonances 
the use of the statistical theory are also concluded from 


the present work. 
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CHAPTER THREE 


EXPERIMENTAL DETAILS 


351° Beam™ Injection and Acceleration 


The 37 


Cl(p,n)?/ar reaction was studied with the 
time-of-flight technique, using the pulsed beam provided 
byethe University of Alberta Van de. Graact accelerator 
facility. The parts of the accelerator are presented in 
PLOUrPCs 2h tnemaccelebatoiw, bullit by the Migh Voltage 
Engineering Corporation, is an electrostatic generator 
where the positive charge is mechanically transported by 
eeconveyon belt to) the high voltage terminal, resulting 

in a self-focusing field with up to 6.5 megavolts potential 
drop along the acceleration tube. 

This tube was fed with a low energy proton beam 
produced by the D.C. field set up between the probe 
electrode and extraction canal of the source bottle. 

The field was selected to give maximum emission from 

this source, and optimum conditions for focusing with 

the electrostatic lenses (EHinzel lens and Focus 3) and 
themacceleration tube.) ine 10n type was selected and 

aimed by the terminal analysis magnet after the appropriate 
gas had been injected into the source. This was was ionized 
Siete low pressure Gas) discharge produced an tire J25eMHz 


Repos tield maintained across the source. The source 
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magnet yintensi fied: this discharge. Its axial magnetic 
Pireld gave a helical motion to the discharge electrons 
On their way to the probe electrode, increasing their path 
through the gas. The source can provide a 2 milliampere 
D.C. proton beam. 

The beam was pulsed in the following manner. It 
passed through two sets of )R.F. deflection plates: at 
right angles to each other, which were driven 90° out of 
phase with a frequency of 1 megahertz. These plates were 
DAG. biased to permit theyresulting: ellipticads beam path 
Oy CEOSsi ay /loey aperture... The resulting; highsintensity 
bursts of 10 nanoseconds length were then compressed for 
nanosecond time-of-flight work by post-acceleration bunch- 
ing. In this’ way, a 1 megahertz pulsed proton; beam of 
10 microamperes average current could be injected into the 
acceleration tube. The above equipment was electrically 
isolated in the field-free region of the dome-shaped high | 


voltage terminal and powered from the conveyor belt pulley. 


Sa) Becht Wisehacyelenare  SyiAsyersie) 


The accelerated protons were transported to the 
Cangec raciiicy chiLOugh tie evacuated Griit) LUbe = succes 
sively aimed and focused by the momentum analyzing magnet, 
the switching magnet, the magnetic quadrupole lenses, and 


the Mobley magnet (see figure 2). Concrete, water, 
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Databiin, and/or) lead structures shielded workers from 
anveneutrons andy cays produced from interactions of 
ehewaccelverator beam with the sides of the dritt tube 
and the beam defining apertures at various stages along 
Tess pach. 

The beam energy stability was maintained by corona 
current from the high voltage terminal which was automa- 
tically controlled to reduce the difference between beam 
current striking the two energy slits. These slits are 
located at the focus of the 90° momentum analyzing magnet 
and together with it maintained the energy resolution of 
the beam. The strength of the analyzing magnet's field, 
and hence the_energy of the protons passing through the 
slits, was calibrated to the frequency of nuclear magnetic 
resonance of a container of hydrogen gas inserted into the 
field. This energy calibration was based on observations 


teenth be reaction. It was 


Geechee tiresiold of the 
reliable to +3 keV at 6 MeV beam energy. 

The LO nanosecond pulses were compressed by the 
Mobley bunching system. It contains a 10 megahertz 
Gscimlacor which can produce a R.F. deflection field 
between "olates located at tie first LTOcus Of the 90° 
Mobley magnet. This oscillator was synchronized to the 
pulses y= the brigger signal from the cylindrical pick-off 


upstream. The field swept each pulse such that the leading 


suomlacciicomparbticleseOt the pulse were detlected into 
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longer and shorter paths, respectively, through the 
Mobley magnet. These paths had a mean radius of cur- 
vature equal to 75" and converged at the second focus 
Wheremthemtarger wasmlocated.. Thisscombinatwon, of pre— 
acceleration pulsing and post—-acceleration» bunching can 
produce 3 microamperes average current of pulsed beam at 
Ehescargeteon repetitions irequency of 1 MHZ, feach’ pulse 


being of 400 picoseconds anoresge er Oe 


3.3 Neutron Spectrometer 


The target was located in the center of an evacuated 
7steel dome. |The neutron energy groups emitted from the 
target were seen by electronically measuring their flight 
time over an accurately known distance ('d'). This 
method can provide for good time resolution for such 
heueconmenergles as LOO keV to 20 Mev sea tne neutron 
detector was located on a cart whose distance from the 
target cOUulLd=be scemotely controlled along a boom overra 
iecine Cie AO S Gos) iicieereciy ~ AMelss eeyeKeWey ye eles) lejeleji ee) iets 
beam line could also be remotely varied continuously over 
the range Oma T50ge 

The timing was started when the start discriminator 
Signalled the) passage of a neutron) through the detector 
(seeunrqures 3) 2 .0mcmesahced Ofe thes targe leis sa a38 cin 


cy lindmical capacucol.) Thesstop) discriminator Getected 
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the passage through this pick-off of that beam pulse which 
Bollowedmtie sone producing thesneutnon..iThis stopped the 
timing. This arrangement reduced electronics' dead time 
since timing began only after a neutron event in the 
detector and not with every beam pulse. The jitter due 

to the Mobley system was < 40 picoseconds '°°) , 

The timing was done by an ORTEC Model 437A time-to- 
anpliT tide yconvier bene (lA Can] ) BaaThis /eOonvVersiOonewaselainear. 
The T.A.C. output was analyzed by a TMC Model 217A analogue 
to digital converter with 4,096 channels (ADC-A). fThis 
TAC-ADC-A combination can provide long term stability and 
Deg lig mie lesgshrersmingpeak position for high counting rates 
while maintaining a very low noise level over the 1000 


on It was coupled to an on-line 


nanosecond time spectrum 
SDS-920 computer which operated on a general purpose collec- 
ticnwand analysis code, (GPKS).. This codes: subroutines 
allowed continual displaying of the time spectrum during 
data collection, the recording of this data on magnetic 
tape, sand such preliminary analyses as the determination 
OLmepeakvenergy, total counts under the peak, subtraction 
CmebackgLround, .cLC. 

The combined conversion from time to channels was 
calculated in the following way. A 10 megahertz time mark 
generator, feeding a fast-zero crossing discriminator, 
Droduccdsametain Of Sharpectant. pulses for the T.A.C. 


Stop pulses, bearing an integral relation to the start 
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pulses, were formed by a second start pulse output from 

the above discriminator in coincidence with lower fre- 
quency ,pulses,.,) These, latter, could be either the output 
OiEmamseconos GencratomOrcancom, pu Lees: Proms neutron, events 
Pethies Cetecton. sn hesresulting ime, spectrum, consisted 

of a series of peaks, 100 nanoseconds apart, whose separa- 
tion in channels was easily calculated from the 920 display. 
The T.0.F. time spectrum was then calibrated by relating 
this number of nanoseconds per channel to the observed 


gamma peak, whose flight time, d/c,was known. 


3.4 The Neutron. Detector 


The neutrons were detected by the fluorescence 
PLROdUCeCH am am CquLdsOrgaitcescinta lator, @ty Den NE-eLos 
The fluorescence was produced indirectly, through their 
elastic collisions with hydrogen molecules which, in turn, 
iyceraccede withthe fluor ain the? Ingquid, ~The= result was 
a light pulse (of several nanoseconds duration e.g. 5.6 
NSeC Mm ILOL the rast eeoitaenene (oh. detected" using wa 
PHotomuLtiplier tuber = the Wight intensity emutteds was 
a smooth but nonlinear function of the energy imparted 
to the’ protons. ~ The proton ‘energy, “however, could? be 
anymicac alton OLesthes neUtur onmenerg yywoecpendingnonm the 
angle of “the recoi ling proton with, respect to =the neutron, 
thus thewnecessity Of timing the pulse Ss leading-edge. 


However, the neutron transit time through the 3/4 inch 
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Piro meoc Lie. | lator cms = 00m pT coseconds for a 4 Mev 
neutron (and 1,400 picoseconds for a 1 MeV neutron), was 

a factor in limiting time resolution. The photomultiplier 
(P.M.) could have 300 picoseconds of intrinsic time un- 
certainty, depending on the individual tube and the 
PotenelalssOre tts fOcUsingegolas., This 1s related: Lo 

both the “statistics of electron emission from the photo- 

Co eloderanisVvalrlactLlonseinmcneinerrans ite time trom, dittenent 
BabeomOmeLneeCaviodemeOnchiemiLirstadynode. ms LOmminims ze 

Ehe eimerdispersren due to the entire detector assembly, 


agiinitesthreshold wasmset for sthe tstartrdiscniminaton,; 


such that P.M. output pulses below that level were not 
accepted. 

To obtain absolute cross sections, the efficiency 
of the scintillator-photomultiplier-discriminator combina- 
ELronanad, Loi be ideterminedsjeThe amplitude (spectrumsof P.M. 
GuGpUi pUNSes BlOmraggiVeneneutroneene gy Could bestheore. 
Gicakly determined. This distribution would be a combina- 
tion of the proton recoil spectrum and the emission statis- 
tuesmomethespnotocathodes ealheseiirelency tus then justathe 
imbeg ra last eth iS edisstiou VionmaboVeslhiGethweshio lene se 
calculations were performed using the program, eae 
dtmchesUndversi by soimsA Lber tar 


The neutron detector threshold was determined by 


observation of the amplitude spectrum from a gamma source 
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32 
such as ao Nae Each gamma peak also produces a broad range 
Of light intensities above the threshold as a result of 
ComoLoneCcollisiOonsawitil the material of the scintillator. 
The energy for threshold electrons was then determined 
from the known energies of the 'Compton edges' and later 
me laledsco tne proton energy corresponding to the threshold; 


(58) 


Ehnroug hn argraph of proton/electron response for the 


Sclncimulatcowm. 


oe ee liming, Electronics 


The general aspects of the time-of-flight technique 
were outlined in Section 3.3. Figure 3 shows the details 
Gaeciicmsystem—alhe Stop; discriminator way fast zero 
crossing discriminator (FZCD), produced a timing pulse 
aumehnemcross-Over pont «Of ethe shbeamep1ck-—off current. 

The walk or variation in timing was +65 picoseconds over 

a 30:1 dynamic range of signal Aneuemses DOU Thilosesiee tate 
Gicecriminatogwma Constant iihractionsot pulse thelohiaeurgger 
(CEPA) Ppeepnoduced sa gtiming gsignal sateche slicadingsedgalor 
the P.M. anode pulse, which was based on the time this 
pulse reaches a constant fraction of its maximum value. 
This fraction was chosen to be 10% to minimize the time 
resolution for Pineea allsoutpuse amplitudes and sceauce 
theswalk to ~50 picoseconds jover an amplitude range. cor- 


(50) 


Gespoudimgmton5 00 kKGV, seSeMeVeoneutrons The CFPHT 
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utilized an attenuation-subtraction technique which re- 
sulredsinethe desired) zero-crossingspulse. JThis,s ip 
CULL me EcdnalerZCDewhich proguced the timing: signal. whe 
FZCD was effectively gated with the pulse from the last 
P.M. dynode, whose amplitude had to exceed the bias 
PoEoonoO ld sets on amvulneled1ocerin the cincii tetor a 
signal. to bessent. 

The background to the time spectrum can be reduced 


(55). Tia secrccud tewas woased 


by a gamma elimination system 
on the difference between y pulse shapes and that of 
nouerones The y pulses had longer tails. A measure of 

this shape was the time, between the arrival of the start 
discriminator signal from the leading edge of a pulse, and 
the FZCD signal econ the {Cross -OVelLspOlnLeOtethencorres— 
POnGInGeCigmrerentviatecnOUuLDUL OL LOnece OL. the, 2 Ms edynodes- 
This time difference was 10 - 20 nanoseconds. The time 

was measured and selected by the T.A.C.-2 and single 

channel analyzer combination of figure 3. If a neutron 

was GQetected,.a routing Circuit instructed the on-line 
computer to store it in a separate region of computer 
memory. Any neutrons incorrectly routed were easily seen 
Miethe Original spectrum sot lthe TALC. ADC comb ana 
tionw plti was’ impontant that the ~outputeol thes twoel oA CS, 
as well as that of the amplitude gate, seen in figure 2, 

be synchronized. The gate and delay generator did this by 


Mimungmciewouupul Om theslw.A.C.—1 to the output, of the CrPHT. 
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oS, Om Chlorine=37 Targets 


The reaction was investigated using several different 
targets. Solid target #1 consisted of NaCl, evaporated in 
WACOM COs mctungStenmroi. lies NaGimwas 90 ss6+0. 10% 


artificially enriched in the ?/ 


Ci@isotope. Solidetarget 
#2 was similar to the above but on a tantalum foil. These 
were™ thin targets, the latter being 17 keV thick to a 5 Mev 
proton beam, and were used to study neutron angular distri- 
butions. Most of the evaporated targets were poorly bonded 
to their backings and pieces flaked off under a 10 watt 
beam, making absolute cross section measurements impossible. 
Consequently a gas target was constructed to measure 
these cross sections. It had the added advantage that its 
thickness could be easily varied from lower thickness 
values required for obtaining excitation functions, to 
the higher thicknesses needed for obtaining angular dis- 
tributions averaged over a wide energy range. Natural 
ethyl chloride was successfully used as the gas (Natural 


chlorine is 24.4% Teil The beam entered the gas cell 


through a %"wide tantalum window which is 125 microinches 
thick, or 150 kev to a 5445 MeV proton beam (See figure 4). 
Tiel 063" deepecel ly contained vethyl chloride Wat vaspressures 
OLD De Ciimicm (Ot eLOUMKeVeELhi Che tOathesous MeV» beam-emner— 
ging through the window) used in the angular distributions. 


The temperature of the air cooling was monitored and found 
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FIGURE 4: 
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3.) 


to be 23°C. The cell should be kept sealed during the 
experiment to prevent the density of the gas from vary- 
ing due to heating of the gas by beam bombardment. The 
cell was tested for leakage by measuring the gas pressure 
atcer the beam was shuts ort and (the cell "nad cooled to 
room temperature. 

The beam was collimated onto the axis of the cell 
BYmeim@ee esl ltrs poste LOned macs sSiOWM einer igure 4a The 
CwaAMnectersS OL tiescirculdr silts = were el /4.mes/ S's, mand 
Dy OMeWlOCw ais PS tenices MOL Zc "3. Oncm, andml0.s cm, 
GespeCulvye LyyeLLOM thes front, Ob @the cell. ein tiissway, 
it was ensured that the beam incident on the cell entered 
through the window. The current incident on the cell was 
measured with a current integrator which was the beam 
Current passing through the gas: “Slit’2 was biased “to 
-300 volts to repel secondary electrons coming from the 


beam defining slit #l. 


3.7 Energy Resolution 


Thesresolutiony was) albrected by “the target wanamene 
Cellecontaining it.  Thergas tergetscontribuvedganesun 
Gertainty in energy equal to the energy loss of protons 
passing through it, 1.65 160 kev in the above example. 
The cell itself contributed to energy spread in two ways. 


The energy straggling in the window had a standard devia- 
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tionwor U8 key for la 5 MeV proton been The second 
EPaAcCtOMWaseadue voOvthe finite length of the cell, L, and 


is given by: 


eee cOse 0 


(23) At = 72.3 L |— Pa 
7Em VE 
n 


| 4 dO erer 

fis in meters, En is the mean beam energy in the cell, 
and En the mean neutron energy, both in MeV, and 8 is 
the reaction angle. The angular dependence is an 
important feature, with At varying from --0.12 to +1.75 


re) 
Naneseconas for 6 = 0 


to 150° when E, = 5.22 MeV and 

E, = 4 MeV. The algebraic signs are due to the coherence 
between this error and the gas target thickness error so 
that the total error is actually reduced at forward angles. 
Even with a target as thick as 160 keV, this error must be 
included at back angles with higher neutron energies. The 
COMneEUDULTONnsmELOomsbeam wlathn, window straggling ,escCin cask 
VAtOnNeGaishie tine ana the intrinsic ephotomulLtiplvernser rom, 
on the other hand, were small in comparison (see Sections 
Sig 2) hake Sige) 5 aoveve En = 4 MeV the total uncertainty, in 
energy ranged from 150 to 260 keV with angles Ocmtoml 50m 
At EA = leMey, )on the sother land euhis uncertainty was 


independent of angle and completely determined by the 


target thickness of 160 keV. 
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Som aCeOss, SeECLCEONS 


The observed number of neutrons above the background 
was corrected for instrument dead time and detector effi- 
c1ency to gét the true number of neutrons passing through 
elesoc iis SCOD me cmduire rental scrosss section was 


Gasily calculated from the formula: 


2 ; 
(24) de (ier 3.39x10 29 x —_ , atomic wernt Of scarget 
d NnO.gmMsS/ Cm Ot starget 
xixe . 


Rais the detector distance; d, the scintillator diameter; 
N is the number of neutron counts corrected for dead time; 
Q, the total charge due to beam incident on the gas *and E 
is detector efficiency. The transformation was then 
i1aade to center-of-mass coordinates. 

To allow for any variations in target thickness or 
beam direction, the solid targets were normalized to a 
monitor detector, placed at a fixed distance and angle 
from the target. This monitor fed a simpler version of 
the time-of-flight system than that described for the main 
detector (see Section’ 3.5)." The angular distributions 
from the gas cell, however, were not so normalized, since 
the monitor used did not have a faxed efiiciency. ihe 
iietavilicy) Was subsequently (traced “to 1tS Constant iiac— 


ELON OrepUlsemncigntsthiggéer. So the whole of equation 
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24 was used, based on the ia pega Led beamecurenLereacn= 
ing the target. For this to be done, the beam must be 

well defined by the three slits and the target stability 
ensured by its constant gas pressure. The inadequacy in 


the former working assumption is discussed in Chapter 4. 


39 


CHAPTER FOUR 


EXPERIMENTAL RESULTS 


4.1 Solid Target Results 


Thewlevels Or Argou-3 7) discussed (1n, Chapter 2 
Can bermseen ain ithe spectrumsof figure 5. This spectrum 
Pm Econwa Nac ltargelr. Wtanget«; |) Ole Section 3.0)" placed 


ae aw ang lestOmaeocemmOtm./ Se MeCVepcrOLons.. se hhero.27 


(61) 


MeV level has been recently isolated by sus tgs Cas 


reaction with a PbCl, target. Levels above 2.22 MeV in 


BEQOn—3 /Pare seen here foOmmtne Lirst time via the 


Se ctoen) macrochannel. As can be seen, there is no 


evidence here of the 2.41 MeV level that Ferguson and 


(22) have Clatmed with therseme reaction.  ~Bernard 


(Sab), 


Pau 
et al also with this reaction, have observed the 
intensity of the 161 MeV level of lie as being <153% of 
Lies OGLOUD con Lie 1.41 Mev level. However, our figure shows 
aEcomparcebilewintensity. inv fack,, at tie lower means prouon 
energy OL 5.22) Mey, discussed below, =the mat1omot tne 
GLOSS) Sections Of, the 61) to the 4isMevevevelstanenvenry, 
nearly equalsto thesratiogo® their respec tives valucssor 
Pei, \odatcnace IG akcl Gelake} faheniisy fepe ceteKsy AKe sel 

In figures 6-8 are the angular distributions which 


were taken at mean proton energies of 4.95 MeV, 5.00 MeV 
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FIGURE 6: °/Cl(p.n)°/Ar GROUND STATE NEUTRONS' 
ANGULAR DISTRIBUTIONS AT THREE ENERGIES 
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a : : ‘ ? 
Une. These distributions were normalized with respect 


to a detector fixed at 30° to the beam. The #2 CaeGee 
was 17 keV thick to a 5 MeV proton beam and so is thin 
enough to show asymmetry about 90° due to resonances of 
thissorder of size. Also Seen are’ the sharp variations 
o£ the shape of the neutron angular distributions with 
bombarding energy. A resonance at 5 MeV mean proton energy 
had been located in the y-ray yield by Iyengar et A 


Loe cneCmsane sLeaccLONMmSeeESectione2 + oe 


4.2 Gas Target Results 


Ethyl chloride, 160 keV thick to the beam was used 
as a target in the gas cells. The mean proton energy in 
the cell was 5.22 MeV. As was discussed in Section 3.8, 
the monitor detector, to which the resulting neutron 
angular distributions were to be normalized, failed to 
have a fixed efficiency. The cross sections were thus 
calculated on the basis of the integrated beam current 
Teaching» themtarget. This cansonly bevdone however ern 
the beam is well defined by the slits. Otherwise random 
Warclatlons, in LOCuUSInNg Condi tlonssanesthes beam secan spoils 
system would result in fluctuating amounts of charge 
Stmikingethne Sshdes of sthescelleassembly sand being recorded 
as spart onethe beam current, even though this charge had 


not passed through the gaseous target. Two detectors were 


ss ots 


fore incinen otf 


a ee 


4). 


used to collect data and by the experimental set-up were 
exposed ‘to the same angle at different runs. The result- 
ing large variations in computed cross section observed 
between jthe two detectors Gan. onlyfbe explained by this 
charge error. Re-runs of Some of “the angles confirmed 
Ene poom reproducibility, Os tne results. 

This charge error was reduced by taking the average 
result Grom thieedetectors at a given angle, this average 


being weighted inversely to the variance of these results. 
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The error of the mean is 
(ey yee Dix) = \/) 2,7 


where Xs and a are the cross section and random error 
for each detector at each angle. The resulting neutron 


angular distgibutions are given in figures OSes 


Aes Randoms-lroxrocs 


There were two Signiticant random eGxrors ‘contri 
DUG iti eGo stne e;- The first was due to the statistics of 
Proton) gnteraction with the nuclei of the target and 
assumedwa Poisson distribution. ConSequently7it was taken 


tombe YN as am absolute error or’ l/YN asa relative error, 
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FIGURE 9: 
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Where the theoretical angular distributions 

vary little with parity, only the average of 
the two curves is shown for that spin value. 
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where N is the’ number of events. 

the charge error diseussed in =the’ last" section 
can be’ written as the’ relative error >. D. (0) Ose] S sD +O) 
denotes wthe standard deviation of the diserrbution of 
ehep change sO.) his di stributLons was taken to nave con— 
stant mean and a normal shape, though in reality, it was 
probably asymmetric. It then follows from equation 24 
Enatethestotalerelative error is givenuby staking the 


CLEOrS minequadbatunres 


Z 
(27) (e,/92)" = = + (s.D. (9) /0)° 


wheel, Nehaswbeenesubstituted fom thesrelative errorein 
ENemnUMOeCt wo f eCOUNtES ;UN. weLolUuUSetne sCalCcilLlLatclLonsOLNeLroc 
in a given differential cross section measurement, Eis 
depended ,On wale cCstiMdatestOr tiemtelavive cLllOrein. ©. 

The method of estimating this error in charge was 
a kind of iterative aahistavaba ie: That is, an average rela- 
tive error in N was assumed and compared with the scatter 
Omeresults trom one detector about, the meanyom ties results 
from both detectors. Then from equation 27 an estimate of 
Subw(O)/70 could be calculated se he sengdlatedis Giiouiwons 


OT tes was used, 


OLreeiles neutrons arLOMe ules OnOUnGescaLlonOu 
since this level had the lowest relative error in N anda 
Constant. efficiency error at all angles. The relative 


error in N was assumed to be the square root of the mean 
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Where the theoretical angular distributions 
vary little with parity, only the average of 
the two curves is shown for that spin value. 
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WoeteeNPrssthemnumber of events: 

Phe chargeserror discussed=ine thee last section 
can be written as the relative error 5 202-0) Ope oy De O) 
denoveseLicwseandardsdeyvlati on OLmtnesctstripution oF 
Pierce tange sO se hisecistri button was taken to fave. con— 
stant mean and a normal shape, though in reality, it: was 
probably asymmetric. It then follows from equation 24 
Pia teaches COcd lire lativeserron.1s.givenubyecakang tne 


SELOrsS = nL quadrature: 


2 
(27) (e,/92)° = & + (8.D. (0) /0)° 


Wheteml/yNehasebeen substitucedsion the relative -erroman 
Enesnumber soe. counts, N.s thus) thescalculationsof error 
in a given differential cross section measurement, Eis 
depended on an estimate for the relative error in Q. 

The method of estimating this error in charge was 
aetna sOL beerarive Cerrmieies That is, an average rela- 
tive error in N was assumed and compared with the scatter 
COmeLesUDUGeCLomsOne CecLeCLOL cDOUL. Une) mecanm Ome eNemre sUdstas 
from both detectors. Then from equation 27 an estimate of 
S-D.(0)/0 could be calculated.) s[he angulanedis eri butions 


Sue was used, 


Opethesneutlons LLOmeachesgLOUnGEsLAatLegOn 
since this level had the lowest relative error in N anda 
COnSstane eutaciency €rror at all angles. The relative 


error in N was assumed to be the square root of the mean 
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OrechepVarmianceswom Neoversal angles’ for this: calculation. 


Similarly, the relative error in cross section s.d. ($2) /$8 


Woe Galen Scombe Sthe standard deviation of the quantity: 


do 
dQ 


weighted average 


ECOMsCetecrOlhet L 


do 


—— Over both detectors 
an 


Over all the angles for which data was taken. In this -case, 
the weighting was inversely proportional to the variance 
dMeEhercross "section due’ to the error in Nfonlys “To 'pro— 
hibit Geanyesystematic error in “the efficiency of the *two 
dececronsrateri1cial lyeanelacing tnlsustandard "deviation, 
the angular distribution from detector #3 was normalized by 
least squares to the angular distribution of detector #1 
before the weighted average in this expression was calcu- 
lated. (Th vseikindeorgniorma Puzattonsonly pertains co ucias 
Soromicalculation.s Lis not foundein FEhe mean "Cross section 
calculated in section 4.2). The resulting estimate of 
S.D. (0) /Osrs LOS which 1s, an®average*OG=two suchyalues 
Computed sLOmntwo dLererentsetls oO Beang hes ss hmeulicscmaL eS 
any other vandom™errors "that conti bute to" enerscattersor 
the results ‘of one detector about the other, they willbe 
iicluded- in “this ssigurer. 

Using the’ abovelevalue@ som Ss Ds(0) 7/0 sand *using) this 
Cincy ethemer OuslneN Calculated=tor-a Given diirerential 
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found from the same equation 27. The error in the cross 
section for the given angle averaged over all the detectors, 


was then calculated from equation 26. 


4.4 Systematic Errors 


There were four important systematic errors. The 
first was concerned only with the neutrons from the 1.41 
MeV and 1.61 MeV levels of Argon-37. Because the ccs 
were placed Close to the target (3.75 meters) to increase 
the counting rate, the accompanying decrease in energy 
resolution resulted in partial overlapping of these two 
elose levels. Une double peak was’ analyzed into, two. peaks 
by least square methods using the program Tepe e 
This code fits the double peak with two peaks of arbitrary 
height and width but predetermined shape -- the reference 
Shape, takeielo be aesmoocned veusion Or the Ground = suace 
peak. 

ApsystematiG =elLror OCCULTeCC in stiiss Calcula Ulonm Lor: 
results grom Getector Fleonly. Thiswwas becausessingie 
Jevelsein tts Spectrum nad smalimsave lia te peakcmecauseda 
byepCOmmelectronics-« slies elercnice peak Uscdsyasegivyen 
CueSomSiiallesace lL ibe; bUutEClem=Lesu linet al leds COmadequacelly 
sort out the two levels. Consequently, a correction was 
made renee minimized the mean square of the deviation of 


tiemdetectoua  DOInts cromethe detector #3 points. The 
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correction was a transfer of cross section from one level 
eOnNeEne Other, taken as’ a) constant for all “angles!” The 
figures 10 and 11 are the result of this corrected Tepel 
SOncIing, averaged over the detectors. 

The second error involved the calculation of detec- 
LOMperiic1ency = lnis Slo lowsmrromthemincertann ty in 
determining the, detector threshold as in section 3-4. 
PeeWwaSeaecys tematd Cecrroa,. slowly diverging from ithe 
true Cross section untile thes neutron energy approaches 
the threshold when it could, be quite large. An efficiency 
Si Olea LSOmabOSeCmt KOM mMouUnCe Gla Nisy sn athemcalcCUlatd on 
of detector efficiency, given a certain threshold. The 
angular distributions for all the levels except the 2.489 
MeV level 7. could be Sy orenat cally varied +10% due to this 
efriciency error. es This, error for the 22489 Mev. level was 
to 125° respectively, because the neu- 
trons from this level had energies close to the thresholds 
Of the detectors..,The latter.estimate of)error could quite 
conceivably be twice as much. 

Finally there was the small anistropy in neutron 
atLteniationswithe vary Lageneutron angle ae Lot smelt Os cmaaOm 
neutron absorption in, the,cell walls, and, was only sagcew 
percent, atwmost angles..9 Because of) the difficultysangacs 
calculation in the general case plus the large error in 


the charge described above, the figures were not corrected 
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Poretiic ctfect. This) error attained, a. maximum at. the 
targesteangle:used, nye because at this angle the 
Heuer Oons strom thegtrontepart, of) the celighad tol pass 
Popoug hy chen ipsatathes:rontsor themce! | =mounte on sthei: 
Wave Omit NeCe detector am(Seemriqure 4)imelhes ratio of 
aetenuationsgat thishangle to sthe minimum attenuation 


(which was at 90°) was 1.07. 


Aso theoretical Cross. Sections 


The theoretical angular distributions were computed 


(63) 


Ustigeasprogram= Hauser’ writtensby WeR. Smith and 


(64) 


modified by N. Davison Different values of spin and 
pau cyewelLemascsumed fOr thes 2.225MeVelevel@oLreArgon—37, 

and the resulting angular distribution of neutrons from 

this state compared with experiment. This channel was 

ONL ymOncwOM as large miumoer avalleable Lomehne= compound nucieus 
FOR decay. lheeknown Values Or "Spin and parity were used 
for the other available levels of Argon-37. However, this 
data was not complete for the levels available in the 


Besta and MU eiiaas channels. Consequently it was assumed 


that all levels above the ground state of eect and above 


the s@thirdvexci ted @statetor ac were part of a continuum 
forawhuch N(E), the number of levels below the excitation 


energy Es Couldsbevobtamed by Pitting the straight lines 
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EOpanlogeplot Of ihe states given in the literature °*) , 


Mensa spin distribution of the form of equation 27 was 


, 2 sae 4 ; ; : 
ASSUME = Wilt #o © =" 2", 0 Eee Uhws= Valuesisconsa stent with 


(47) 


Eoeteguvens byaVonsWreschre tral for ate in section 


2.2. The energy dependence of 5° suppressed the higher 
Spins at lower excitation energies. 
The transmission functions were calculated from the 


optical model parameters shown in table 1. The proton and 


(66) 


neutron channels were based on parameters by Perey and 


(66) 


by Perey and Buck , vespectively and gave the best 


ENneOrett Cali itcmto datago: clasticescaeteming Om various 


(66) 


nuclei. If the neutron parameters of Rosen et al had 


been used instead, only a 2% increase would have resulted 


iMeene CLOss Section to 37 ay states.) Lf Rosen }s proton 


(66) 


parameters had been used as well, the increase in 


theoretical cross section would have been from 4% to 133 
depending on the 37 ay level considered. In any event use 

of different optical model parameters did not materially 
alter any conclusions of this work. The alpha channel was 
based on the Set II parameters of L'Ecuyer and SHE Pierre '©7) 
which gave the best theoretical fit to elastic Scactering 
of ao On various nuclei as well as to the (chara) reaction 
Oneseveral titanium 1s0tOpes. sli thelm seta parametces 


(66) eee 


had been used, as well as those of Rosen et al 
neutron and proton channels, the results would be 23° to 63 


larger than those obtained using the optical model parameters 


of table l. 
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. TABLE 1 


OPTICAL MODEL PARAMETERS 


Protons Neutrons 


Cg MeV/MeV 


Cc, MeV/MeVv 


R 
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AO) sResults,and) Conclusions 


The lack of symmetry about S0— ein figures’ 9-13 
Suggested interference took place between the compound 
nucleus mechanismeand sassmaller direct sinteraction 
mechanism. A broad maximum in the direct interaction 
engulansdisStribucionsorensutrons fromethe first excited 

Si) fe) O 
state of Mag) (clelakel Gioeuns cw TNs fone 1hij/r~ reps I). =) (0) Sere al 


respectively, where 2 is the orbital angular momentum 


Bransrerred stotthesresidualsmucleus.) Of these, tony. 
% = 0 is permitted since the parity is unchanged in the 
BeactVon- esuch aglorwardipeakieis gseenein gfigure, 10 aera 


Similar maximum in the angular distribution from the second 


Osorils 3 Btor f=) 0} 


exci ted “state—could occur cat Oo 67 
ImOre 2pecespectively, ofiwhich! only =9) istal lowed by 
the selection rules with this reaction. Again a weak hump 
at about 67° can be found in igus, Like er! Oiecliemeh iid 


Es or 134° 


excited state, a maximum could occur at OR 70 
POG = 80), BlanOls 2iAtcesSpecUively meet mcorward speak 4On 
@iguae sb3 ’susgests thatwa directiuinteraction! interference 
component with 2 = 0 existed in the reaction. The work 
GiAnuUresuowacd ene has) 4 limited thes pin tol the tthaad 
excited state to (5/2, 7/2) 9 )Forvan assumed thizd excited 
Statesspoun sands paraty, of By 2k i =s\0 Pi2s 0m daware taliowed 
by the selection rules. For 7 jae [Te Pym A eye! a are 


permitted. With both y/o and 1/2 R= 41. ISF Orme ware 
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allowed Bor tiismteaction. = Consequently figure 13 is 
consistent with the presence in this reaction of some 
divecteinterackion component wand a 5a Sin sand) paltry 
f Oger 2 eeMeye state or Mes Alternatively,.some of these 


; * 
maxima could be examples of the resonance-type fluctuations. 


Ong Unemocher tkend "the heoveticaly compound; nucleus 


. 3/7 
CeOssS  SeCelLOnS Of Neutronse poom states of Ar were 


Sevenalstimes Varger than tthe experimental results...this 
could have been partly due to underestimating the number 
rete and oie 


of excited states of leesGo. wha cha the icompound 


Nuctreusmcouldsdecay,statesawhich would compete with decay 


375 


to levels of Geno themeexplanation, Usmunat 37 ay 


and/or ion posses very small imaginary potential depths 
compared with the value found by Perey and eee 10) BOT 
neighboring nuclides. Such an effect has been postulated 


(51) (see ,section 2.3) tor this) reaction. 


DygoeniaL dre tal 
@onsequently the theoretical crossesections have 
been normalized by least squares to the ground state of 
Tar, the level with the least experimental error and 
whose spin is well known. - The normalization factor is 
Oe20eee ihe resultung normalazedmtneoreticalwangulagedyc. 
tributions can be seen along with the experimental data 
ier gquces: 9-13.) he 716 sieve eve leo ey which was 
separated from the 1.4 MeV level by the 'Tepel' code 


(section 4.4) does not, show a good f£1t an spite of the 


fact that its spin is also well known. A poor fit is true 


SeensectLon 2.3. 
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of the 2.489 Mev ae level as well. In the case of 


the™2°22"MeV level of MN a to which it had been hoped 

a unique value of spin could be assigned by this method, 
figure 13 gives plausible fits for Woe or 372-8 However, 
thismiswats Vallance: wrenethe limites "of 5/2 -and 7/2 pre- 
viously determined for this state. It appears that nor- 
malization to the ground state does not assure correct 
normalization of higher levels. Nor are the total reaction 
cross sections proportional to the number of magnetic 
SlipbgtaALeSeOm ene sestaualenucreus;, tne 2ft? erulew(with 
the exception discussed in section 4.1). Thus it would 
appear that the statistical theory is not completely adequate 


a] 


to describe the Cl(p,n)?/ar reaction at a mean proton 


energy of 5.22 MeV. 
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APPENDIXsL 


TRANSMISSION FUNCTIONS AND FLUCTUATIONS 


We will now show that the sum of transmission func- 
tions over all exit channels can be expressed in terms of 
compound nucleus level widths and densities. The form 
of the giant resonances affecting the average cross sec- 
tion through equation 20 can be derived from the Breit 


Wigner single-level amplitudes. 


i Qu Oe) as 
m m 
(28) Ul Mec <c Knee Dm 
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This expression follows z) from expanding the logarithmic 


Cepuvablve Of the external@wave, Eunction at Rina series 
about the resonance energy Eo and retaining only the first 
EWG CMSe eee mils sCoe resonance #6£U ll ewidtheate ha it 


maximum and the ts the: partial width of channel n. 2 is 


theshard sphere potential scattering sphase sshitteotechannc lay 


ne 


The dense overlapping series of resonances of widths 


ie J and spacing p’ which underly the cross Section sp luctua— 


r 
tions can also be given the Breit-Wigner form. So we write: 
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where n#m and the pair (n,m) must be of the same J. 
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thas Expression can be strictly derivea ‘11) From reaccron 
eneory when thevpartial’ widths (in contrast to the total 
widths) are much smaller than the level spacings. The 


Bericson fluctuations in the cross section arerdue to 


interference of different resonance terms in One 
Let us now average eee over an integral § >> es 
Or Oe Here also, wercall ont thesrandom piase approxima— 


tion to ignore average cross terms between different 


resonances. The result is: 
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and since there will be By Da such integrals, we have 
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where we now use widths typical of that energy interval. 
Comparing equation 31 with equation l5, equation 32 
identifies: 
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This gives us the rat of the level width to level spac- 
iungsmileterms Of thesbransmivssuon Coekricient. “That 1s, 
the compound nucleus parameters must be chosen to fit 
GhewgGrossmvariation off the, transmissiton function over 
any giant resonances. 

An analysis of the fluctuations themselves leads 
to a measure of Sine SOuthat,; ine pranciple,. subse1tution 
in equation 32 leads to the level density alone if we 


assumes the pehavior. OL ie Wal terleruve 
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APPEND IXS (1 


THE GAS CELL 


AZ| Construction and Use 


Figure 4 shows the two portions of the brass cell: 
Pilewce li eee ie backedsby angair cooling compartment. and 
the mounted window. The window was ‘epoxied' Lona 
Develled™ brass mount, so shaped! tovallow free flexing 
of the window when the cell was pressured up. This mount 
was then sealed to the rest of the cell along the flanges 
by an '0' ring. Exposed parts were covered with gold 
shielding to eliminate background radiation from the 
brass. The gas inlet line penetrated the base of the 
evacuated target chamber and the Elow was controlled by 
valves on the gas handling apparatus. The pressure was 
measured with a mercury barometer. This cell had to be 
sealed during the experiment due to heating of the gas. 
A@inecmocouple ynad been installed’ cos register calie cen. 
perature but was not working at the time of the experiment. 

Tier lee recully ane Ghee COns aauctLOns © Maule mc cin: 
had been in getting a window, thin enough to minimize 
beam energy loss and straggling, yet thick enough to 


form a seal between the gas target and the evacuated 


Epo-Tek #410 Part A and Epo-Tek 410-E Part B (hardener), 


Epoxy Technology Inc., 65eGLOove St., Watertown, Mass... 02172. 


a res D9asasee 


Jaa 2 ited 7 aw @& is kL 24 3 6 ‘+ ia Ay Jim weuss : 


DhESR G21 14 AGJIiae wi «i YY leod ib ast 
. . : 7 
| WOR we gunk Samay oid 


60 


target chamber. Both 0.11 thou inches of molybdenum foil 
and 0.125 thou inches of tantalum foil had been success- 
fully used. The pressure differential across the window 
tad 3to be in the direction of ‘the mount or Ehe window 
would unseat. In addition, the window could only with- 
stand a fraction of anv atmosphere pressure across it 
(i.e. the cells were tested to hold 30 cm Hg against a 
vacuum) and any change in pressure had to be very slow. 
This meant that some thought had to be given to pumping 
resistance in the relevant lines during the crucial stages 
of filling and emptying the cell. The target chamber and 
ecollmiead to be pumped up (or down) alternately in stages. 
The heating by the beam could have deteriorated 
‘the 'epoxy' seal. The heat flux from the window (about 
Qesewates with a> MeV proton beam and) 2 amps. curcens) 
encountered the highest thermal resistance at that point. 
This grandient had been reduced by using a silver based 
fepoxy' cement. In this way cells have beensrun for sat 
leaste24) hours undér a 10 watt) beam. In view sorethe 
above comments, pretested spare mounted windows are 
mandatory for an experiment. For a discussion on the 
effect of the gas cell on energy resolution and isotropy 


of beam attenuation with angle, see sections 3.7 and 4.4 


respectively. 
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Maw eeenecipes for Window Construction 


Select a square of pinhole free and fold-free foil, 
examined against a bright light. Then mix the hardener 
EQ) the base, 1:15 by weight. ApplyWthe ‘'epoxy" paste 
Sparingly and evenly to the rim of a clean window mount. 
thewmount is then invertedeand gently pressed against 
ClemiOllmcd arene SmMOOLI hate tOOl 1smused to work out 
small wrinkles and ensure a smooth seal all around the 
rim. This procedure should be done very slowly and with 
Giedcr carer, 

The assembly is then placed in an oven. A clean 
flat weight is set on the window to maintain the seal 
during heating. It was found necessary to separate the 
window and weight with a piece of Teflon tape to inhibit 
envyeci co Angew Omeuheowewor that miOGntemtake place we bitsmcould 
arise from cement squeezing around the edge of the foil, 
for instance. The assembly is heated at 120°C for 35 hours. 
The fragile mounted window is carefully removed and allowed 
TOmCOO. Lt 

Since the window cannot withstand a one atmosphere 
pressure difterential across it, it must be testedsingthe 
manner of figure 14. The Veeco" mass spectrometer leak 
detector senses extremely small helium leaks. The valves 


on the left are used for roughing down the system. The 


Veeco Vacuum Corp. 


FIGURE 14; 
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comments regarding pressure changes given above apply 
here as well. The flow through the lower valve should 
always be away from the lower compartment to prevent any 
GraceswOr Hielmimeceaching this Dartrorstner assembly. 

The lower section is then highly evacuated with the Leak 
Detector diffusion pump (open valves very slowly). The 
UppeGEcOMpaaeMenteice. Lillede wrth) helium towne desired 
pressure, keeping well below the rupture pressure of the 
window. In this way, very small leaks are immediately 
detected. With careful consideration of pressure changes, 


the assembly is brought up to air in stages. 
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